Abstract If nonoperative measures are unsuccessful in managing the pain and disability of adult spinal deformities, surgical correction may provide the potential for significant improvement in a patient's quality of life. However, these procedures have a relatively high risk of complications. Identifying patients that may benefit from surgical intervention requires a thorough understanding of potential complications and managing the risks of any individual patient. Complications do not necessarily result in poor outcomes, and good outcomes are not always complication free. Higher risk patients potentially have more to gain, even if they experience complications. With the rapidly expanding senior population and expanded capabilities to manage high-risk patients, it is helpful to consider the lessons provided by ever expanding databases of outcome measures to refine the surgical decision-making process.
Defining complications
Without a standardized system for classifying and reporting complications, quantifying complications relies on heterogenous retrospective analysis that often underestimates
incidence. Defining what constitutes a complication varies across studies. Attempts to accurately understand complications and their impact on patient outcomes and relation to preoperative risk factors ultimately depends upon a uniform method for categorizing and grading any Bstate, directly or indirectly resulting from a surgical operation that altered the anticipated recovery of the patient [1] .^However, any method of categorizing and grading may oversimplify the wide-range of potential effects complications have on individual outcome measures.
With the establishment of numerous spine surgery outcome databases has evolved a more standardized consensus. Adult spinal deformity study group surgeons compiled a consensus agreement of complications and subdivided each into major and minor categories [2, 3] . Factors considered in forming these categories include permanency, alteration of anticipated recovery or hospital stay duration, and the degree of additional treatment required. Variables necessitating reoperation default to major complications (Table 1) .
Incidence of complications
Deciding when operative treatment for adult spinal deformity is the best management strategy depends heavily on identifying a patient's individual risk and potential for complications. Until recently, quantifying complications is dependent upon retrospective cohorts with limited focus on complications. Despite the inherent bias of retrospective studies and self-reporting databases, this data can estimate the lower-end rate of complications. In 4,980 surgeon-reported cases of adult scoliosis correction surgery submitted to the Scoliosis Research Society (SRS) from 2004 to 2007, 10.5 % of patients experienced at least one perioperative complication, and only 0.3 % of cases resulted in death [4] . The most common complications reported were durotomy (2.9 %), superficial or deep wound infection (2.4 %), implant complication (1.6 %), acute or delayed neurological deficits (1.5 %), epidural or wound hematoma (0.6 %), and deep venous thrombosis/pulmonary embolism (0.4 %) [4] . The table below (Table 2 ) are adapted from Sciubba and colleagues' 2015 meta-analysis of 93 (12 prospective) studies published after the year 2000 which consolidated data from 11,692 patients undergoing surgical correction of adult spinal deformity due to any etiology [5•] . With an average age of 53.3 and 3.5 years of follow-up, major perioperative complications were reported in 18.5 % of patients and minor perioperative complications occurred in 15.7 %. The most frequent perioperative complications were any infection (3.2 %), neurological deficit (3.1 %), need for further surgery (3.0 %), dural tears (3 %), (2.1 %) instrumentation/graft failure (1.3 %), and excessive bleeding (1.2 %). Ultimately 20.5 % of patients experienced a long-term instrumentation related or radiographic defined failure, most frequently pseudarthrosis (7.6 %), instrumentation/graft failure (3.3 %), proximal junction kyphosis (PJK) (2.9 %), adjacent segment degeneration (2.7 %), or symptomatic instrumentation (2.0 %) [5•] . The highest complications rates were seen in three-column osteotomies, where 66 % developed a complication. Even with a Bnon-3-column osteotomy^45 % still developed a complication. [5•] . While this data contains larger number of patients and nearly twice the major complication rate of the SRS database, this meta-analysis relies predominantly on retrospective studies with varied follow-up that were as short as 6 weeks and almost certainly underestimate the true complication rates. This is especially true as none of the studies reported complications following re-operations.
Using a prospective study design with rigorous patient selection and standardized comprehensive data collection by onsite study coordinators at 11 centers, Smith and colleagues identified substantially higher complication rate in 291 adult spinal deformity patients who completed a minimum of 2-year postoperative follow-up [6•] . Inclusion criteria required at least one of the following deformities: >20°scoliosis, >5-cm sagittal vertical axis (SVA), > 25°pelvic tilt (PT), or >60°t horacic kyphosis. The patients averaged 1.9-L blood loss (EBL) during a 7.1-h operation on 11.1 vertebral levels with 64 % of patients undergoing an osteotomy. Eighty-two (28.2 %) patients required one or more re-operations and additional complications that resulted from reoperation were also counted. Overall, 69.8 % of patients had at least one complication. In the perioperative period, 52.2 % of patients experienced at least one complication (125 major and 145 minor, mean 0.93 complications per patient) and 42.6 % of patients developed at least one complication >6 weeks postop (137 major, 62 minor, mean 0.68 complications per patient) [6•] .
Analyzing complications
Expanded use of standardized outcome assessments will help transform quantitative complication rates into studies that explore the true impact of complications and can help guide complex management decisions. Both the patient's and the surgeon's perspective of complications should be considered, since even commonly reported complications can have little correlation with patient-reported outcomes. [7] . Patients with major perioperative complications still have significant improvements in early clinical outcome measures, but when followed for 3 to 5 years the complications correlated with significant impacts in ODI and SRS scores [8] . Some complications may be insignificant in patient quality-adjusted life years (QALY), but may have a significant cost, and can negatively impact the potential incremental cost-effectiveness ratio (ICER). Multidimensional and longitudinal assessment methods are needed to understand how particular complications impact outcomes.
Neurological injury is a rare but inherent risk of spine surgery. Since some of these will be permanent, they have the potential to have substantial impact on both outcomes and cost. Overall, 27.8 % of patients experienced a neurological complication in the International Spine Study Group (ISSG) multi-center prospective study and these complications contributed to 7.2 % of all study patients undergoing reoperation [6•] . Most common were radiculopathy (8.9 %), motor deficit (4.8 %), sensory deficit (3.8 %), and nerve root deficit (2.7 %) [6•] . While only 1.84 % of patients developed new neurological deficits in the SRS database, the degenerative scoliosis subgroup rate increased to 2.49 % [9] . While most deficits improve or resolve, 1.7 % of nerve root deficits, 6.1 % of spinal cord deficits, and 25 % of cauda equina syndromes failed to improve in the SRS study [9] . In addition, on average, Yadla et al. found new neurological deficits significantly increased the length of stay by 9.1 days [10] .
Incidental durotomy is a common complication of lumbar spine surgery. The rate likely increase with increasing degree of deformity, revision surgery and degenerative pathology. In the SRS registry, unintended durotomy was reported in 2.2 % of degenerative scoliosis patients [11] . The rate of reported dural tears reached 10.7 % (31/291) in the ISSG multi-center prospective study by Smith and colleagues. [6•] . Incidental durotomy has been associated with the potential for prolonged hospital stay, hematomas, and neurological and respiratory complications [12, 13] . In assessing 802 incidental durotomies during short-segment lumbar fusions, Stewart et al. found an average of a 1.4-day increase in hospital stay resulting in an additional $10,885 in total hospital charges [13] . Another study found that 19 % (9/48) of durotomies ultimately led to a revision surgery [14] .
Infection is a leading cause of morbidity for many surgical procedures. The use of implants and instrumentation can result in infections having even greater consequences. Surgical site infections have been reported in approximately 2-4 % of instrumented spine operations [15] [16] [17] . While the incidence is relatively low, infection is responsible for 46 % of readmissions following de novo adult deformity operations [18] and 14.5 % of revision deformity cases [19] . In the SRS database of more than 100,000 operations, higher infection rates were seen with use of implants (28 % greater, 2.3 vs 1.8 %), spinal fusion (33 % greater, 2.4 vs 1.8 %), and revision surgery (65 % greater, 3.3 vs 2.0 %) [20] . Surgical variables included inadequate antibiotic dosing, longer operative time/number of levels, pelvic fixation, and blood transfusions and have all been associated with surgical site infections [17, 19, 21, 22] . Obesity, smoking, diabetes/serum glucose, and MRSA colonization are potentially modifiable risk factors associated with increased rates of surgical site infections [16] . Given that correction of scoliosis is dependent upon the stability of implanted instrumentation, surgical site infections present unique Adapted with permission from Sciubba et al. [5•] challenges. Instrumentation can reliably be preserved 88.2-89.3 % of the time if detected early and managed aggressively with debridement [23, 24] . Overall, surgical site infections have been reported to increase length of hospital stay by an average of 9.7 days and admission costs by $20,842 [15, 16] . Implant-related complications (IRC) and radiographicidentified complications (RIC) have been reported to be the most common reason for reoperation in adult spinal deformity surgery [6•, 25•] . Twenty-four percent (71/291) of patients required reoperation in a recent prospective study, primarily due to RIC and/or IRC [6•]. Soroceanu et al. [25•] reported that 32 % (78 of 246) of adult spinal deformity patients with more than 20 degrees of scoliosis developed an IRC or RIC, of which 53 % required reoperation. Rod breakage and proximal junctional kyphosis (PJK) were the major causes. Greater preoperative pelvic tilt (PT), mismatch between pelvic incidence and lumbar lordosis (PI-LL), and greater sagittal malalignment were found to lead to a higher incidence of these complications [25•] . In two ISSG prospective studies the reported incidences of rod fracture were 9.0 % (18/200) and 13.7 % (40/291). In patients who underwent a pedicle subtraction osteotomy (PSO), the rate was 22 % [26] . Significant risk factors included older age, greater BMI, history of previous spine surgery, PSO, greater baseline sagittal spinopelvic malalignment (SVA, PT, and PI-LL mismatch), and greater magnitude of sagittal spinopelvic malalignment correction with surgery (SVA and PI-LL mismatch) [26] .
Recognition of the importance of spinal and pelvic alignment parameters in patient outcomes as well as instrumentation failure has led to the development of optimal thresholds for radiographic alignment parameters. This provides tools patient evaluation and defines operative goals to help maximize patient outcomes [27] [28] [29] [30] [31] [32] . Restoration of sagittal alignment utilizing advanced lumbosacral fixation can significantly improve patient outcomes and help to reduce revision surgical rates [31] . Multiple-rod constructs across 3-column osteotomy sites reduce rates of implant failure and pseudoarthrosis [33] . PJK and pseudarthrosis may be reduced in many cases by fusing to the sacrum, ensuring that the patient has adequate bone density preoperatively, and by choosing the appropriate correction techniques to achieve an ideal spinal pelvic alignment. A more comprehensive discussion of these topics can be found elsewhere in this issue (Tables 3 and 4) . 
Overall impact of complications
Quantifying the impact of complications on patient-reported outcomes versus the impact of adult deformity correction is very difficult. Patients with disabling pain often are willing to accept the risks of complications in hopes of a better quality of life. Until recently, few data was available to assess what effect complications had on the patient's quality of life in the long term. Implementation of outcome and cost measures has started to explore these problems and some have even yielded unexpected results.
In 2007, Glassman presented evidence that complications do not necessarily impact clinical outcomes at one year postoperative [3] . Using a case-control study of prospectively accrued adult spinal deformity corrections, patients were grouped according to whether they had major, minor, or no complications and clinical outcomes assessed 1-year postop by the SF-12, ODI, and the numerical rating scales for leg and back pain. Regardless of the complication severity, all groups had similar improvements in the SRS, ODI, and the numerical pain rating scales. The only statistically significant difference detected was in the SF-12 general health subscale. In this [35] . Figure reproduced with permission from Smith et al. [35] subscale, patients with no complications improved by 1.5 points and patients with minor complications improved by 4.2 points; however, patients with major complications deteriorated by 2.1 points (Table 5) . Using the Spinal Deformity Study Group (SDSG) multiinstitutional database, Smith et al. demonstrated that despite a complication rate of 71 % in the elderly, these patients experienced a significantly greater benefit from spinal deformity surgery than the younger patients that had a significantly lower complication rate of 17 % [35] . Consistent with these findings, Scheer et al. reported that despite elderly patients experiencing significantly more complications (74 vs 56 %) and revisions (24 vs 16.8 %) compared to the young, elderly patients actually had a shorter and improved recovery period as measured by normalized HRQOL scores. This seemingly counterintuitive result originates from the higher baseline disability of the elderly, meaning that greater magnitude of surgery and greater occurrence of complications may have had less impact on their function and perception of disability ( Figs. 1 and 2 ).
Every year in the USA, nearly $100 billion is spent related to spine care, with spinal fusions accounting for approximately $13 billion of this cost [36] . In an era of increased attention to cost containment, no discussion of complications would be complete without exploring how complications influence the cost-effectiveness of the surgical correction of adult spinal deformity. In a single-center retrospective analysis of 448 consecutive adult spinal deformity surgeries from 2005 to 2011, McCarthy et al. found an average cost of $103,143 [37] . One hundred thirty (27 %) patients ultimately required readmission averaging an additional $67,262 of cost, representing a 70 % cost increase. Patients 60 years of age or more incurred, on average, nearly $40,000 (40 %) more in cost than patients <45 years of age. In a projected cost-effectiveness analysis of adult spinal deformity surgery based on 541 patients, Terran et al. found that with an estimated 24.3 % of patients requiring reoperation, the average cost per QALY at 5-year follow-up was $120,311 [38] . Forty percent of patients ultimately had <$100,000 cost per QALY gained. Patients with higher baseline ODI and lower baseline SRS scores were significantly more cost-effective [38] . In a retrospective analysis to quantitate the incremental cost-effectiveness ratio (ICER) of adult spinal deformity surgery in 120 patients over 10 years, 19 % of patients required readmission resulting in a 63 % higher average hospital cost ($183,000 compared to $112,000) [39] . Ultimately Mcarthy et al. estimated an overall ICER of $80,387 per QALY at 10-year follow-up suggesting that surgery for adult spinal deformity is cost-effective. However, it is clear that complications can substantially increase cost and easily shift the balance to unfavorable cost per QALY.
Conclusion
Although more likely to experience complications, the older and more disabled patients may actually stand to gain the most from surgical intervention. Expanded use of standardized outcome assessments with rigorous reporting standards will help further clarify how preoperative variables impact the incidence and management of surgical complications. Ultimately, by using multidimensional and longitudinal assessment methods, the clinical significance of these complications and preoperative variables can lead to management strategies that minimize cost while maximizing surgical outcomes.
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